Abstract: Total antioxidant capacity of different varieties of strawberry (Ningfeng, Ningyu, Zijin 4, Toyonoka, Benihope, Sweet Charlie) in different developmental stages (including green unripe stages, half red stages, and red ripe stages) was investigated by oxygen radical absorbance capacity (ORAC) assay. In addition, effects of the antioxidant properties of strawberry stored at 4 °C or −18 °C for a period of five months were studied. The results showed that antioxidant capacity of strawberry changed based on tested part, developmental stage, variety, and time of collection. Calyces had significantly higher ORAC values compared with fruits. Strawberry fruits had higher ORAC values during the green unripe stages than the half red stages and red ripe stages. Strawberries got higher ORAC values during short-time storage, and then decreased during long-time storage. Samples stored at −18 °C exhibited higher antioxidant capacity than those stored at 4 °C, while vacuum treatment could further increase ORAC values. The results indicated the potential market role of strawberries as a functional food and could provide great value in preventing oxidation reaction in food processing and storage for the dietary industry.
ORAC values of strawberries collected from different time changed greatly but not so regularly. Fruits of different varieties seemed to show low antioxidant capacity in December 2010 and high antioxidant capacity in February 2011, with the total mean ORAC values of three developmental stages from six varieties at 1.602 and 1.995 mmol Trolox/100 g FW, respectively. In addition, the difference among fruits of the six varieties collected in April 2011 was great significant (p < 0.001) with mean ORAC values from 1.081 to 3.512 mmol Trolox/100 g FW (except BE and NY, 2.791 and 2.800, respectively), and the total mean value (2.380 mmol Trolox/100 g FW) was also high. The ORAC values of calyces were relatively high and the differences among varieties were significant from January to March 2011, especially February (28.20, 22.64, 15.46, 13.57, 10.89, and 7.238 mmol trolox/100 g FW for BE, NY, NF, ZJ, TO, and SC, respectively, p < 0.001). Calyces of BE possessed significantly stronger antioxidant capacity than other five varieties during all the months from December 2010 to April 2011, except that NY showed similar high ORAC values in January and March 2011. Calyces' ORAC values of four varieties (TO, NY, SC, and ZJ) in April 2011 and five varieties (except BE) were relative lower than others. Two-way ANOVA with post tests showed significant difference among varieties and collected months for both fruits and calyces (source of variation: interaction, both p < 0.001), which indicated that varieties and collected time were important effect on ORAC values of strawberry. ORAC value changes of fruits in different stages collected from December 2010 to April 2011 also showed that GF's antioxidant capacity (mean ORAC of six varieties all over 2.0 mmol Trolox/100 g FW) significantly better than HF's and RF's (p < 0.01). However, two-way ANOVA not showed significant difference among developmental stages and collected months (p > 0.05).
Many factors could potentially account for the differences in antioxidant capacity, such as species, varieties, material origins, cultivation conditions, developmental stages, and so on. In general, genotype and origin proved to have a greater effect than the cultivation techniques on parameter levels [14] . Panico et al. [15] reported the influence of soil on fruit quality and the difference on phytochemicals and antioxidant activity of two genotypes of strawberry fruit, one represented by the cultivated variety (cv) "Tudla" and the other one, "Maletto", by a type selected in the mountain region of Etna (Italy). Carbone et al. [16] also reported influence of internal (genetic and developmental) and external (environmental) factors on levels of flavonoid gene transcripts, enzyme activity and metabolites of six cultivated strawberry genotypes grown at two Italian locations. They found that flavonoid metabolite profiles were strongly affected by genotype during strawberry fruit development, and environmental factors also the major impact of flavonoid metabolism and developmental processes. In our study, two of three new strawberry breeding varieties from Horticulture Research Institute, Jiangsu Academy of Agricultural Sciences, Ningfeng and Ningyu cultivars had better antioxidant capacity than others. Fruits of green unripe stages possessed better antioxidant capacity than fruits of half red and red ripe stages, which was consistent with previous reports. Wang and Lin [17] also found strawberries and blackberries had the highest ORAC values during the green stages, and leaves showed better antioxidant capacity than fruits. Similar to leaves, calyces in the present study were found to have higher ORAC values compared with fruits.
Primary Identification of Phenolic Constituents
In the present study, then mean value of total phenolic content from methanolic extracts of TO, BE, NF, NY, SC, and ZJ fruits were 1 (Table 2) . A highly positive linear correlation between total phenolic content (y) and total antioxidant capacity (x) was established for the strawberry fruits and calyces (y = 1.1017x + 1.0078, R 2 = 0.964). The linear correlation between total phenolic content and ORAC activity indicated phytochemicals were responsible for the antioxidant capacity [17] . These phenolic compounds (including phenolic acids, flavonoids, and anthocyanidins) in the sampled strawberry significantly contributed to their total antioxidant capacity, which was consistent with previous reports [18, 19] . Asterisks (***) denote the values for fruits and calyces were significantly different (p < 0.001).
We analyzed major phenolic compounds of strawberry using RP-HPLC with DAD by comparison with authentic phenolic standards and related literature data [18, 19] . The preliminary results showed that major types of phenolic compounds in strawberry included phenolic acids, flavonoids (including flavones, flavonols, flavanols, as well as anthocyanidins) and their derivatives. For example, HPLC chromatographs of major phenolic compounds in the Toyonoka samples are shown in Figure 1 (other data are not shown). Fifteen detail phenolic compounds were eluted with t R from 15.236 min to 88.134 min as the following order: gallic acid, gallocatechin, protocatechuic acid, epigallocatechin, catechin, p-hydroxybenzoic acids, caffeic acid, malvidin-3-glucoside, p-coumaric acid, catechin gallate, cyaniding, ellagic acid, quercetrin (quercetin-3-rhamnoside), cinnamic acid, luteolin. Most detected phenolic compounds in this study have previously been reported in strawberry of North and South America [19, 20] . Different phenolic compounds normally possess specific chromatographic behavior (retention time, t R ) and UV-visible spectral characteristic (λ max and spectral shapes). Because of the diversity and complexity of the natural mixtures of phenolic compounds, it is rather difficult to characterize every compound and elucidate its structure. Therefore, only a preliminary identification of major phenolic compositions was carried out in this study. The dominant phenolic compounds identified in this study were phenolic acids, catechins (flavanols), and other flavonoids. Flavanols contain a variety of phenolic hydroxyl groups and exhibit the strongest antioxidant capacity and free scavenging activity among around a hundred of phenolic compounds [18] . Phenolic acids also have high antioxidant capacity, which decreased in the order protocatechuic acid > caffeic acid > p-hydroxybenzoic acid > ferulic acid > vanillic acid > p-coumaric acid [19] . These major phenolic compounds are likely the most significant contributors to the total antioxidant capacity of the strawberry samples tested in this study.
Effect of Storage on the Antioxidant Properties
Benihope with high ORAC values for both fruits and calyces was chosen to investigate the effect of storage on the antioxidant properties. Fruits of BE were stored at 4 °C or −18 °C with or without vacuum treatment. Samples at room temperature could only be stored for one day because of rot, so after collection ORAC values were detected within eight hours as data of Day 0. Fruits of BE stored at 4 °C were investigated within 14 days since parts of them also rotted. The temporal trend on oxygen radical absorbance capacity is showed in Figure 2 . In general, the antioxidant capacity of Benihope strawberry samples decreased over time gradually except the first two days. Samples at room temperature was detected on Day 0 had ORAC value of 6.204 mmol Trolox/100 g FW. All the BE samples got the highest ORAC values on the second day. Most samples stored at −18 °C possessed stronger antioxidant capacity and could stored more time than those stored at 4 °C. Except BE stored for 4 days (with vacuum treatment) and 7 days (with or without vacuum treatment), all other samples stored at −18 °C showed higher ORAC values than those stored at 4 °C . Especially on Day 14, ORAC value of BE stored at −18 °C was 79.52% higher than that stored at 4 °C. In addition, vacuum treatment could increase ORAC value of BE samples to some extent. BE samples with vacuum treatment both stored at 4 °C and −18 °C showed higher (0.46%~91.96% increase) ORAC values than those without vacuum treatment except Day 60 (−17.19%). However, one-way ANOVA with Tukey's post hoc test showed no significant difference among these four groups.
Antioxidant activity of food could be influenced by storage time and temperature. In the present study, the highest ORAC values were observed on the second day, and then the antioxidant capacity of Benihope strawberry samples decreased over time gradually. There was also an increase in the antioxidant capacity of fresh fruits and vegetables during short-time storage [21, 22] , however, longtime storage led to loss of antioxidant capacity due to phenolics degradation [23] . Among the factors that can influence the levels of antioxidant activity and total phenolic compounds, temperature was found to be a dominant factor [24] . Storing under refrigeration could better preserve antioxidant capacity since it had higher ORAC values than that in room temperature [25] . In this study, strawberries showed relatively higher ORAC values and stability stored at −18 °C than those stored at 4 °C . In addition, vacuum treatment might be another factor to preserve antioxidant capacity of strawberry samples during the storage [26] .
Experimental

Plant Materials
Six different varieties of strawberry, including Ningfeng (NF), Ningyu (NY), Zijin 4 (ZJ), Toyonoka (TO), Benihope (BE), and Sweet Charlie (SC), were harvested from Lishui Botanic Garden, Jiangsu Academy of Agricultural Sciences in Nanjing, China. NF, NY, ZJ were three new breeding cultivars from Horticulture Research Institute, Jiangsu Academy of Agricultural Sciences. TO from Japan was cultivated in Nanjing in 2003. BE was breeding variety hybridized by two Japanese varieties, paternal Sachinoka and maternal Akihime. SC was introduced from USA. The fresh fruits in different developmental stages were randomly picked from several plants in the greenhouse during the period of December 2010 to April 2011, which included red ripe stage (R), half red stage (H), and green unripe stage (G).
Chemicals and Reagents
Trolox (6-hydroxy-2,5,7,8-tetramethylchromate-2-carboxylic acid) was obtained from Acros Organics (Morris Plains, NJ, USA). Fluorescein disodium was purchased from Chemical Industry of East China Normal University (Shanghai, China), and AAPH (2,2'-azobis(2-methylpropionamide)-dihydrochloride) was obtained from J&K Chemical Ltd. (Beijing, China). All other chemicals and reagents used in this study were obtained from China and were of analytical grade.
Sample Preparation
The fresh fruit sample (2 g) in 80% methanol (20 mL) and the calyx sample (0.5 g) in 80% methanol (10 mL) were incubated at 28 °C for 24 h in a THZ-Q Shaking Incubator (Huamei Biochem Inc., Taicang, Jiangsu, China) at 120 rpm for extraction. The extract was filtered with a medium-speed filter paper under vacuum at room temperature, and stored at −16 °C until analysis.
Determination of Total Phenolic Content
Total phenolic content (TPC) was estimated using the Folin-Ciocalteu colorimetric method described by Huang et al. [11] . Quantification was done on the basis of the standard curve of gallic acid. Results were expressed as gallic acid equivalent (GAE), i.e., mg gallic acid/g dried weight (DW).
Phenolic Composition by Reversed Phase-High Performance Liquid Chromatography (RP-HPLC)
RP-HPLC analysis was performed using a Shimadzu HPLC System (Shimadzu LC-10A series, Tokyo, Japan), consisting of a binary pump, and a diode-array detector (DAD) and equipped with a Shim-pack RP-C18 column (5 μm, 250 × 4.6 mm) (Shimadzu, Co.). Sample was injected into LC for analysis. Phenolic compounds in the samples were analyzed at 35 °C with the following gradient elution program (solution A, 0.1% formic acid, and solution B, 100% methanol): 0-10 min, 0%-10% B; 10-25 min, 10%-20% B; 25-35 min, 20%-23% B; 35-45 min, 23%-28% B; 45-60 min, 28%-35% B. 60-75 min, 35%-50% B; 75-80 min, 50%-55% B; 80-85 min, 55%-75% B; 85-90 min, 75% B. Flow rate was 0.8 mL/min and injection volume was 10 μL. Detection was monitored at 280 nm.
Radical Scavenging Activity by ORAC Assay
The fruit or calyx extract was suitably diluted and assayed by the improved oxygen radical absorbance capacity (ORAC) method using fluorescein as fluorescent probe [27] . Briefly, the reaction was carried out at 37 °C in 75 mM phosphate buffer (pH 7.4). Totally 100 μL of antioxidant (Trolox or sample at different concentrations) and 50 μL of fluorescein (0.1 µM, final concentration) were placed in the well of the black 96-well microplates. The mixture was pre-incubated for 15 min at 37 °C . AAPH solution (50 μL; 60 mM) was added rapidly using a multichannel pipette. The plate was automatically shaken before the first reading, and the fluorescence was recorded every minute for 100 minutes. LB 941 TriStar Microplate Reader (Berthold Technologies, Bad Wildbad, Germany) with 485-P excitation and 535-P emission filters was controlled by MikroWin Microplate Data Reduction 2000 (Mikrotek Laborsysteme GmbH, Overath, Germany) for fluorescence measurement. A blank using phosphate buffer instead of the antioxidant solution and six calibration solution using trolox standard (0, 2, 4, 8, 12, 16 μM) were carried out in each assay. Final ORAC values were expressed as trolox equivalent (TE), i.e., mmol Trolox/100 g fresh weight (FW).
Effect of Storage on the Antioxidant Properties
The fresh strawberry Benihope was collected from greenhouse in Lishui Botanic Garden on May 30th. The ripe fruits were brought back to the lab immediately and all packed into PET (polyester terephthalate) plastic bags. The fruit samples randomly grouped into three sets. One set was stored at room temperature and determined ORAC value within eight hours as data of Day 0. The other two sets both included two groups, with or without vacuum treatment using Sinbo Vacuum Sealer (Yindu Packaging Machinery Ltd., Wenzhou, Zhejiang, China). One set was stored at 4 °C, and the other set was at −18 °C. The ORAC values with different storage treatments were detected on Day 1, 4, 7, 10, 14, 30, 45, and Day 60, respectively.
Statistical Analysis
All sample determinations were conducted in triplicate and the results were calculated as mean values ± standard deviation (SD) in this study. The fluorescence decay curves were original data from MikroWin Microplate Data Reduction 2000. Coefficients of determination (R 2 ) were calculated using Microsoft Excel 2003. Data figures were obtained using GraphPad Prism Version 5.01 (GraphPad Software, Inc., San Diego, CA, USA). ANOVA with Tukey's post hoc test was used to determine statistical differences of one factor, while two-way ANOVA was used to analyze differences of two factors. Differences with p value < 0.05 were considered significant.
Conclusions
Oxygen radical absorbance capacity assays confirmed that strawberries were a good source of natural antioxidants. Different varieties of strawberry in different developmental stages had different ORAC values. The phenolic compounds were responsible for their total antioxidant capacity. Strawberry fruits had the highest ORAC values during the green unripe stages, and calyces had higher ORAC values compared with fruits. Oxygen radical scavenging effect of strawberry during storage was associated with storage time and temperature. There was a little increase on ORAC values of strawberries during short-time storage, but a gradual decrease during long-time storage. Strawberries showed relatively higher ORAC values and stability stored at −18 °C than those stored at 4 °C . In addition, vacuum treatment seemed to be helpful to preserve antioxidant capacity of strawberry samples during the storage. Data reported in this study could be of great value for the dietary industry in enhancing antioxidant properties of functional foods and in preventing oxidation reaction in food processing and storage, which would benefit human nutrition and health.
